Adherence to a stainless steel surface selected isolates of Listeria monocytogenes with enhanced surface colonization abilities and a change in phenotype from the common smooth colony morphology to a succession of rough colony morphotypes. Growth in broth culture of the best-adapted, surface-colonizing rough colony morphotype gave a smooth colony revertant. Comparative analysis revealed that the smooth and rough variants had similar phenotypic and biochemical characteristics (e.g., identical growth rates and tolerances to antibiotics and environmental stressors). Rough colony isolates, however, failed to coordinate motility or induce autolysis. The defect in autolysis of rough colony isolates, which involved impaired cellular localization of several peptidoglycan-degrading enzymes, including cell wall hydrolase A (CwhA), suggested a link to a secretory pathway defect. The genetic basis for the impairment was studied at the level of the accessory secretory pathway component SecA2. DNA sequencing of the secA2 gene in smooth and rough colony isolates found no mutations in the coding or promoter regions. Analysis of SecA2 expression with an integrated secA2-FLAG tag construct found the protein to be upregulated in the rough and revertant backgrounds compared to the parental smooth colony isolate. A compensatory mechanism involving the SecA2 secretion pathway components is postulated to control smooth to rough interconversion of L. monocytogenes. Such phenotypic variation may enhance the ability of this opportunistic pathogen to colonize environments as diverse as processing surfaces, food products, and animal hosts.
Changes in bacterial colony morphology often accompany microbial adaptation to new environments and ecological niches (12, 19, 32, 34) . Understanding the molecular basis of morphotypic change during biofilm formation on abiotic surfaces and the subsequent seeding and adaptation to planktonic growth have important implications for the food industry and medicine. For example, the fouling of conveyor belts and prosthetic devices can lead to contamination of food products and the spread of infection, respectively (16, 36) . Experimental models that are amenable to molecular methods are needed so that these problems can be circumvented. The readily cultured, intracellular, food-borne pathogen Listeria monocytogenes provides a practical model to explore morphotypic variation and its role in microbial adaptation.
Variant rough colony morphotypes were first described within a decade of the discovery of smooth-colony-forming L. monocytogenes (17) . The rough colony morphotype was thought to occur spontaneously and irreversibly at low frequency during prolonged culture in the laboratory. Apart from obvious physical differences, such as the absence of a bluegreen sheen upon Henry illumination and impaired cell separation that gave chaining cells without coordinated motility, the fermentative and biochemical profiles of rough and smooth colonies were considered identical (16, 17, 43) .
Characterization of the L. monocytogenes secreted proteome (25) implicated a peptidoglycan hydrolase, CwhA (formerly termed invasion-associated protein or p60) (47) , in the formation of the rough colony morphotype. These so-called type I rough colony isolates showed reduced CwhA secretion plus decreased attachment and invasion of certain nonphagocytic cell lines. In an intraperitoneal mouse infection model, a single type I rough isolate gave a 1,000-fold decrease in the 50% lethal dose (17) . A CwhA null mutant was recently used to clarify the role of the CwhA protein during infection (39) . The mutant had a chaining phenotype that was aberrantly septated during exponential growth. The accumulation and localization of the virulence factors ActA and InlA was abnormal and virulence in the mouse infection model was attenuated, but it retained a smooth colony morphotype. This result and the isolation of rough colony isolates (termed type II), which show wild-type levels of CwhA secretion and cellular invasion (28, 43) , suggest that proteins other than CwhA determine the rough morphotype. Truncations in the nonessential secretion-associated ATPase SecA2 were recently identified in a percentage of type I, but not type II, rough colony isolates (28) . A secA2 deletion mutant was used to assess the significance of the secA2 truncations on protein secretion. The impaired secretion of a distinct subset of eight proteins, including CwhA, was similar to that found in secA2 deletion mutants of other bacterial species, including Streptococcus gordonii and Mycobacterium tuberculosis (1, 4) . The attenuated virulence of the L. monocytogenes secA2 deletion mutant in an intravenous mouse model prompted speculation that proteins secreted via the SecA2 pathway have a role in the colonization of host tissues and that the SecA2 pathway may play a role in a cyclical transition between parasitic (smooth) and saprophytic (rough) growth (28) . However, the authors were unable to determine the advantage afforded by the rough phenotype or obtain experimental evidence of the reversion from rough to smooth colony morphology.
Although L monocytogenes is generally regarded as a poor biofilm former, the development of multispecies biofilms in food-processing facilities (3, 22) is thought to be a major vehicle for the amplification and subsequent contamination of food products (44) . This report describes the impact of phenotypic variation on the formation of pure-species biofilms on a stainless steel surface by a virulent smooth isolate of L. monocytogenes and the selection of a revertant smooth morphotype in broth culture. The findings of this research demonstrate a biological role for the rough colony morphotype in the colonization of abiotic surfaces, while perturbations of the SecA2 secretion pathway appear to be involved in transitions between the rough and smooth morphotypes.
MATERIALS AND METHODS
Bacterial strains. The Listeria monocytogenes 1/2a isolate KM'92 (wild type) (NZRCC 92/870) (7) was obtained from the New Zealand Reference Culture Collection (Environmental Science and Research Ltd.). Working cultures of L. monocytogenes were routinely maintained on Trypticase soy agar containing 0.6% yeast extract (Merck KGaA, Darmstadt, Germany) (TSAYE) or in Trypticase soy broth containing 0.6% yeast extract (TSBYE) at 25°C for 48 h or 37°C for 24 h. Broth cultures were grown either at 25°C with agitation at 150 rpm or at 37°C with agitation at 200 rpm on a rotary shaker. The Escherichia coli K-12 derivatives XL1-Blue (Stratagene, La Jolla, Calif.) and DH5␣ (Invitrogen, Carlsbad, Calif.) were routinely cultured at 37°C on Luria-Bertani agar or in LuriaBertani broth (LB) with agitation at 200 rpm. Ampicillin at 100 g/ml or chloramphenicol (15 g/ml for E. coli and 7.5 g/ml L. monocytogenes) was added to broth or agar as required. Stock bacterial cultures were maintained at Ϫ80°C in growth medium supplemented with 15% (wt/vol) glycerol.
Development of pure-culture L. monocytogenes biofilms. The method of Bremer et al. (6) was adapted for the development of biofilms in pure continuousculture L. monocytogenes bioreactors. Bioreactors containing equally spaced stainless steel coupons were constructed as previously described. Bioreactor experiments were run at 25°C. Isolate inoculums were grown in 1/10 TSBYE at 25°C for 24 h with shaking. A 1-ml culture sample was inoculated into the bioreactor containing 250 ml of 1/10 TSBYE and stirred for 18 h (150 rpm) with a stir bar (5 by 30 mm). A continuous flow of fresh 1/10 TSBYE was then introduced into the bioreactor, and biofilms were allowed to develop on the stainless steel coupons for 72 h at flow rates equivalent to 1 reactor volume per 10, 1, and 0.5 times the generation time for each isolate for successive 24-h periods. A phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 [pH 7.4]) wash to remove remaining non-surfaceadherent cells was then applied for 2 h at 1 reactor volume per 0.1 times the generation time. Coupons were removed and sampled as detailed by Bremer et al. (5) . Variant colony morphologies obtained by coupon sampling are described in Table 1 .
Induction of autolysis. The rate of induced autolysis of KM'92 isolates was assessed with a technique adapted from Mani et al. (31) and Popowska et al. (40) . Exponential phase cells at an optical density at 600 nm (OD 600 ) of 0.7 were grown in 500 ml of TSBYE at 25°C with shaking. The cells were chilled on ice for 10 min, pelleted by centrifugation (7,000 ϫ g for 12 min at 4°C), and resuspended in 40 ml of sterile, ice-cold, distilled H 2 O. The suspension was pelleted twice by centrifugation (3,000 ϫ g for 15 min at 4°C) in a swinging-bucket rotor and resuspended in 50 mM Tris-HCl, pH 8, to an OD 600 of 1.0. Duplicate cultures consisting of 25-ml samples in 100-ml conical flasks were incubated at 25°C with shaking, and the OD 600 was recorded from duplicate samplings.
Antibiotic and environmental stress tolerance. A broth microdilution method in 96-well microtiter plates (Nunc, Rochester, N.Y.) was used to determine the susceptibility of KM'92 isolates to ampicillin, chloramphenicol, rifampin, streptomycin, tetracycline, and vancomycin. Stocks of antibiotics were diluted in Trypticase soy broth (TSB), and the antibiotic susceptibility of each isolate was tested in triplicate. Overnight TSB cultures of wild-type KM'92 and its isogenic derivates SR, LR, and RS were grown with agitation at 37°C and diluted in TSB to give approximately 10 5 cells per well. After incubation at 37°C for 48 h, the concentration of antibiotic in the first well showing no growth was scored as the MIC. Samples of 5 l from the last positive and all subsequent negative wells were drop plated onto TSAYE and PALCAM (Merck KGaA) plates that were incubated for 24 h at 37 and 30°C, respectively. The concentration of antibiotic in first well negative for growth on TSAYE plates was scored as the minimal bactericidal concentration. The PALCAM plates were used to confirm the presence of L. monocytogenes.
Environmental stress tolerance experiments were conducted in TSBYE medium supplemented with 0.5 to 12% (wt/vol) NaCl (Sigma, St. Louis, Mo.) or 0 to 12% ethanol (BDH, Darmstadt, Germany) or adjusted to pH values of 4 to 9.5 (adjusted with 1 M HCl or 1 M NaOH). Overnight TSBYE cultures of wild-type KM'92 and its isogenic derivates SR, LR, and RS were grown with agitation at 25°C. Samples of 10 5 CFU were inoculated in triplicate into 5 ml of TSBYE broth, the turbidity was scored visually over 144 h, and the morphology of single colonies recovered on TSBYE plates was recorded. KM'92 isolates were grown at 37°C to exponential phase (50-ml culture OD 600 ϭ 0.7) or early stationary phase (10-ml culture OD 600 ϭ 1.4) in filter-sterilized TSBYE (0.22 M Millex-GP filter; Millipore, Billerica, Mass.). Cultures were centrifuged (7,000 ϫ g for 10 min), and the supernatant filter was sterilized. Cell pellets were resuspended in 1 ml of wash buffer (10 mM Tris-HCl [pH 6.9], 10 mM MgCl 2 ), centrifuged (7,000 ϫ g for 10 min), and resuspended in 1 ml of wash buffer containing 500 mM sucrose (SWB). The cell pellet was recovered by centrifugation (7,000 ϫ g for 10 min), and an additional 2-min centrifugation (7,000 ϫ g) was used to remove the last traces of the supernatant.
Cell pellets were resuspended in 100 l of SWB containing 1 mg of fresh lysozyme (Roche, Indianapolis, Ind.), 250 U of mutanolysin (Sigma) and 1 mM phenylmethylsulfonyl fluoride (Sigma) and incubated at 37°C for 2 h. Protoplasts were pelleted by centrifugation (15,000 ϫ g for 10 min), and the supernatant (designated the cell wall fraction) was retained. The protoplasts were washed by centrifugation (15,000 ϫ g for 10 min) in 1 ml of SWB, resuspended in 200 l of protoplast lysis buffer (100 mM Tris-HCl [pH 7.5], 10 mM MgCl 2 , 100 mM NaCl, 10 g of DNase I per ml [Roche] ) and frozen at Ϫ20°C. Three cycles of freeze-thawing were used to stimulate protoplast lysis, the mixture was centrifuged at 20,000 ϫ g for 30 min at 4°C, and the supernatant (designated the cytoplasmic fraction) was retained. The pelleted cell membrane fraction was washed by centrifugation (20,000 ϫ g for 10 min at 4°C) in 1 ml of protoplast lysis buffer and resuspended in 100 l of TE buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA).
The filter-sterilized culture supernatant fraction was precipitated with ice-cold 16% trichloroacetic acid (BDH) for 1 h, pelleted by centrifugation (20,000 ϫ g for 30 min at 4°C), and washed with 1 ml of ice-cold acetone. The pellet was air dried and resuspended in 50 l of TE buffer. The supernatant concentrates were neutralized with 1 M Tris prior to protein separation. All fractions were stored at 4°C in their respective buffers containing 1 mM phenylmethylsulfonyl fluoride.
The protein concentrations of the cellular fractions were determined with the modified micro-Lowry protocol (DC protein assay; Bio-Rad, Hercules, Calif.) with bovine ␥-globin (Sigma) as the protein standard. Plates were read at 750 nm (EL 340, BioTek Instruments Inc, Winooski, Vt.) and analyzed with DeltaSoft3 software (BioMetallics Inc., Princeton, N.J.).
Cell fractions at the indicated equivalent protein loading were separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 10% acrylamide gels (Mini Protean; Bio-Rad) with Benchmark or SeeBlue Plus2 (Invitrogen) prestained protein standards. Western blots were electrotransferred to nitrocellulose (Hybond-C extra, Amersham BioSciences, Uppsala, Sweden), probed with the PepD anti-CwhA (8) or anti-Flag tag M2 monoclonal antibody (Sigma), detected with the anti-mouse immunoglobulin G-alkaline phosphatase conjugate secondary antibody (Sigma), and developed with the Sigma Fast nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT-BCIP) tablet system (Sigma).
Peptidoglycan hydrolase activity gels were prepared as described by Wuenscher et al. (47), except 1.5% (wt/vol) Micrococcus luteus cells (Sigma) were incorporated into the separating gel.
Complementation of rough isolates with secA2. The L. monocytogenes integrative plasmid pPL2secA2 (28) contains the full-length secA2 gene from 1/2a strain 10403S with a FLAG tag sequence incorporated at the 3Ј end of the open reading frame. A control plasmid (pPL2) was obtained by excising the secA2 gene from the multiple cloning site of pPL2secA2 with PstI (New England Biolabs). L. monocytogenes was electroporated as described by Park and Stewart (38) , with an additional lysozyme treatment (I. Glomski, personal communication). In brief, ampicillin (10 g/ml) was added to cultures (at OD 600 ϭ 0.2) grown in 100 ml of BHI containing 500 mM sucrose and then incubated at 37°C with shaking for a further 2 h. The wild-type, SR, and RS cells were pelleted in an angle rotor (7,000 ϫ g for 10 min at 4°C), while LR required centrifugation in a swinging bucket rotor (2,000 ϫ g for 10 min at 4°C). Cells were resuspended in 100 ml of ice-cold, filter-sterilized HSB (1 mM HEPES [pH 7], 500 mM sucrose) and then washed with 35 ml of HSB and 10 ml of HSB containing 1 mg of lysozyme. The suspensions were incubated at 37°C for 20 min, and the cells were pelleted (5,000 ϫ g for 10 min at 4°C) and resuspended in 10 ml of HSB and then 500 l of HSB. Samples of 100 l were either used immediately or snap frozen at Ϫ80°C. The samples were mixed on ice with 1 to 2 g of plasmid DNA and electroporated (10 kV/cm, 400 ⍀, 25 F) (Gene Pulser II; Bio-Rad). After a 1-h static regeneration in 1 ml of BHI containing 500 mM sucrose at 37°C, the cells were plated on TSAYE containing 7.5 g of chloramphenicol per ml and incubated at 37°C for 48 h. The integration of pPL2 or pPL2secA2 was confirmed by PCR assay (26) with primers PL95 and PL102 (Table 2) .
Sequencing and N-terminal hexahistidine tagging of secA2. Genomic DNA was isolated from L. monocytogenes as described by Pospiech et al. (41) , with both lysozyme (10 mg/ml) and mutanolysin (2,500 U/ml) included in the lysis buffer. The secA2 gene from KM'92 isolates were PCR amplified from genomic DNA with the high-fidelity polymerase PfuTurbo (Stratagene). The optimized conditions used 100 M each deoxynucleoside triphosphate (Roche), 500 nM each secA2-specific primer (Invitrogen) ( Table 2 ), 1 mM MgSO 4 and 15 ng of genomic DNA. The PCR product for DNA sequencing was amplified with the primer combination Seq Fwd#1 and secA2 KpnI Rev. For the construction of a hexahistidine tag at the 5Ј end of secA2, a second PCR product was obtained with the primer combination secA2 SphI Fwd and secA2 KpnI Rev. Tubes were initially incubated for 10 min at 95°C before the addition of PfuTurbo, followed by 2 min at 95°C. PCR used 24 cycles of denaturation (95°C for 30 s), annealing (60°C for 15 s) and extension (72°C for 150 s), with a final extension at 72°C for 300 s. Amplimers for DNA sequencing reactions (2.55 kb) and cloning (2.35 kb) were purified with QIAquick column purification (Qiagen, Valencia, Calif.). Samples were sequenced with the primers described in Table 2 , with the Mega-BACE DNA analysis system (Amersham BioSciences) at the University of Waikato DNA Sequencing Facility.
The PCR products for hexahistidine tagging of SecA2 from each KM'92 isolate were ligated into a complementary double-digested pQE30 (Qiagen) and used to transform E. coli XL1-Blue. Transformants, confirmed by restriction analysis of their plasmids, were inoculated into LB broth preculture containing 100 g of ampicillin per ml. The hexahistidine-tagged SecA2 proteins were isolated from inclusion bodies under denaturing conditions as described in the QIAexpressionist handbook (Qiagen) from a 20-ml isopropylthiogalactopyranoside (IPTG)-induced culture.
Nucleotide sequence accession numbers. The DNA sequence for the secA2 gene described in this paper has been deposited in the GenBank/EMBL/DDBJ database under accession number AY072791.
RESULTS
Surface-adherent growth selects for rough isolates of L. monocytogenes. Inoculation of the bioreactor with the smooth KM'92 wild-type colony morphology, previously implicated in an outbreak of listeriosis in 1992 (7), gave three distinct colony morphologies when surface-adherent growth from the stainless steel coupons was plated on TSAYE. These included the smooth wild-type (2 ϫ 10 6 CFU/cm 2 ) and two new rough colony morphologies, SR (short-chaining rough) (7 ϫ 10 3 CFU/cm 2 ) and LR (long-chaining rough) (5 ϫ 10 4 CFU/cm 2 ). The morphotypes of SR and LR were clearly different. The LR colonies were more compact than their SR counterparts (Fig.  1A) , with chaining cells forming structures that were 10 times longer (about 100 cells in length in TSBYE) than SR colonies (Fig. 1B) . While the LR cells clumped in broth, the SR cells tended to sediment (Fig. 1C) . All KM'92 isolates appeared stable, because they maintained their colony and cellular morphology through several serial passages on nutrient-rich agar. In contrast to SR, plating of stationary-phase LR cells grown in (14) , also selected rough isolates during surface colonization (data not shown), indicating that the morphotypic variation observed in the bioreactor was not unique to KM'92.
The growth characteristics and susceptibilities of the four isolates of KM'92 in common food-processing conditions and to a variety of antibiotics were determined. No differences were found in growth rates or growth yields in acidified (to pH 4.2) or ethanol-(up to 8%) or NaCl-(up to 12%) containing TSBYE. The morphotypes appeared equally susceptible to growth inhibition and the cidal effects of individual antibiotics, including ampicillin, chloramphenicol, rifampin, streptomycin, tetracycline, and vancomycin. Routine biochemical tests, which included sugar fermentation profiles, esculin hydrolysis, hemolytic activity, and catalase production, confirmed all four isolates as L. monocytogenes. Negatively stained transmission electron microscopy images revealed that all four strains were flagellated (data not shown). Tests with tryptone swim agar (9) at 25°C showed that the two rough isolates lacked coordinated motility. The revertant smooth morphotype RS gave growth zones indicating coordinated motility, but these were smaller than for the wild-type morphotype (7.5 mm versus 11 mm after 48 h).
Reversion of LR is dependent on nutrient concentration and growth phase. The contrasting intrinsic stability of KM'92 morphotypes on agar and the novel morphotypic conversion of LR to both SR and RS in broth led us to consider the effects of culture conditions on the reversion process. Cultures of LR grown in full-strength TSBYE or BHI under static conditions or with shaking at either 25 or 37°C gave the morphotypic conversion. The conversion was observed only once cultures had reached the late exponential or early stationary phase. The LR colonies gave separate colonies of SR or RS rather than a sectoring outgrowth. The frequency of morphotypic conversion ranged between 6.8 ϫ 10 Ϫ1 and 2.6 ϫ 10 Ϫ4 (detection limit, 5 ϫ 10 Ϫ4 ), and the conversion was found in only 50% of all full-strength TSBYE or BHI cultures sampled in stationary phase. The formation of RS and SR cells was severely repressed in Listeria enrichment broth (Merck KGaA) and completely inhibited in 1/10th strength TSBYE or BHI. Reversion was not observed in acidified medium or medium supplemented with ethanol or NaCl. These results suggest that some stresses inhibit the morphotypic conversion.
Rough isolates of KM'92 give enhanced biofilm formation. The ability of the four KM'92 isolates to colonize the stainless steel coupons within the bioreactor system was tested individually. The number of cells colonizing the stainless steel coupons was estimated by a swabbing and plating technique. The cell numbers on coupons were independently verified by visual inspection of acridine orange-stained surface-adherent cells. The analysis revealed increased surface colonization by the rough isolates SR and LR compared with the two smooth isolates (Fig. 2A) . The viable cell count data underestimated surface growth because chains of cells can give rise to single colonies. Serial dilution of stationary-phase broth cultures indicated that a further correction factor for cell chain length of 10 and 100 should be applied to SR and LR, respectively. Surface-adherent growth in the bioreactor further increased the cell chain length of rough cells. This was most prominent in the LR-inoculated bioreactor, with alga-like streamers projecting from the stainless steel surface (Fig. 2B and 2C ). In addition, the majority of the visible surface-adherent streamer biomass was lost during the phosphate-buffered saline wash step. This physical loss, together with the increased cell chain length, suggests a gross underestimate of surface-adherent cell numbers when plating techniques are used.
We conservatively estimate that SR and LR showed at least 5-and 100-fold greater colonization of the stainless steel surface, respectively, than the wild type or RS. Conditions within the bioreactor selected for the LR morphotype, as LR was detected in bioreactors inoculated with the wild type, SR, and RS. Furthermore, when LR was used as the inoculum, it was stably maintained throughout the bioreactor run.
Localization of CwhA and other peptidoglycan hydrolases is impaired in rough colony isolates. Autolysis experiments with exponential-phase cultures showed that the rough isolates were impaired in peptidoglycan hydrolase induction (Fig. 3) . In contrast to the wild-type and RS smooth morphotypes, which gave a 90% decrease in optical density in 3 h, the SR and LR rough isolates gave only a 10% decrease. These results suggested that peptidoglycan hydrolases were affected in the rough isolates. The production and the subcellular localization of CwhA and other peptidoglycan hydrolases in the KM'92 isolates were assessed with renaturing SDS-PAGE and Western blot analysis of subcellular protein fractions. Western blots of SDS-PAGE-separated cellular proteins from supernatant, cell wall, cell membrane, and cytoplasmic fractions were probed with the CwhA-specific monoclonal antibody. This analysis showed reduced secretion of CwhA from the rough isolates in both exponential and stationary phase (Fig. 4A) and identified SR and LR as type I rough isolates. The impaired secretion in both rough isolates correlated with an association of CwhA with the cell membrane fraction (Fig. 4C) .
Renaturing SDS-PAGE with M. luteus cells as a cell wall substrate gave insight into the role of peptidoglycan hydrolases in the formation of the KM'92 type I rough morphotype. The gels identified multiple bands with peptidoglycan hydrolase activity. The smooth isolates gave identical gel profiles, with the peptidoglycan hydrolases predominantly secreted or located in the cell wall fraction. In comparison, the gel profiles of the rough isolates indicated various impairments in the secretion, localization, activity, and/or production of peptidoglycan hydrolases (Fig. 5) . The impaired cellular localization was most pronounced in the exponential phase of growth, with obvious defects in the localization of peptidoglycan hydrolases to the cell wall fraction. A single faint 50-kDa band of activity was visualized in the cell walls of the rough isolates, whereas seven bands, ranging from 20 and 66 kDa, were observed in the cell from the extracellular supernatant, cell membrane, and cytoplasm, and 20 l, corresponding to one-fifth of the total cell wall fraction, were separated by SDS-PAGE on 10% acrylamide gels. The separated proteins were electrotransferred to nitrocellulose and probed with the PepD-CwhA monoclonal antibody as described in Materials and Methods. The antigenic band detected in the preparations had an apparent molecular size of Ϸ55 kDa. Stationary-phase cells gave identical results. walls of the wild-type and revertant smooth isolates. In addition to the expected CwhA secretion defect, a prominent secreted band at 66 kDa in the wild-type and RS isolates was missing in the supernatant fraction of exponential-phase SR and LR cells. The secretion defect correlated with increased activity of a 66-kDa band in the membrane fraction of the rough isolates. These data show that transport across the cell membrane was rate limiting on the correct localization of at least two peptidoglycan hydrolases (CwhA and the 66-kDa band). The similarity of these data to the secA2 deletion mutant analysis of Lenz and Portnoy (28) led us to test for mutations in the secA2 genes of the KM'92 morphotypes. Sequencing, complementation, and hexahistidine tagging of secA2 from KM'92 isolates. The promoter and entire coding region of the secA2 genes from the four isolates of KM'92 were sequenced. All four sequences were identical, with each predicted to encode full-length SecA2. This was confirmed by hexahistidine tagging the N terminus of each secA2 gene and expressing the recombinant protein in E. coli (Fig. 6A) . In each case, a fulllength His-tagged protein with an apparent molecular mass of about 85 kDa was produced. Furthermore, rough isolates that had integrated the single-copy, site-specific vector pPL2secA2 (26) failed to restore the secretion defect, and the transformants retained their rough morphotype (Fig. 6B) . As no antibody is presently available for SecA2, its expression in the morphotypes was compared with a C-terminal FLAG tag epitope on the integrated second copies of secA2 in the pPL2secA2-transformed isolates. A band corresponding to SecA2-FLAG was present in each of the strains containing pPL2secA2 but not in the untransformed or plasmid-only controls (Fig. 7) . Expression of SecA2-FLAG was significantly less in the wild-type FLAG background than in the two rough and the revertant smooth secA2-FLAG backgrounds.
FIG. 5.
Renaturing SDS-PAGE analysis of the peptidoglycan hydrolase profiles from cellular fractions of KM'92 isolates. Proteins from exponential-phase (OD 600 ϭ 0.7) and early-stationary-phase cells of wild-type (Wt), SR, LR, and RS isolates were separated into four fractions: extracellular supernatant, cell wall, cell membrane, and cytoplasm, as described in Materials and Methods. Equivalent loadings (50 g protein) from the supernatant, cell membrane, and cytoplasm and 20 l, corresponding to one-fifth of the total cell wall fraction, were separated by SDS-10% PAGE in gels that contained 1.5% (wt/vol) Micrococcus luteus cells. Gels were renatured in buffer. The zones of clearing (black bands) which developed indicate the action of peptidoglycan hydrolases. 
DISCUSSION
Phenotypic variation has a pivotal role in the adaptation of numerous bacterial species to environmental niches (12, 19, 32, 34) . Until now, the inability to detect conversion between smooth and rough morphotypes has precluded systematic analysis of the effects of phenotypic variation on the rough morphotype of L. monocytogenes. In this study, surface-adherent growth has been identified as a factor that stimulates the proliferation of multiple rough morphotypes. The analysis of biofilms formed by pure cultures of rough morphotypic variants showed that these isolates were better able to foul abiotic surfaces due to superior surface colonization abilities. Furthermore, while surface-adherent growth stimulated a smooth-torough transition, growth into the stationary phase of the bestadapted biofilm-forming rough colony isolate LR produced the revertant smooth morphotype RS.
Proteomic analysis of the smooth and rough morphotypes showed impaired localization of multiple peptidoglycan hydrolases (including CwhA) in the rough isolates, while the roughto-smooth (LR to RS) conversion restored wild-type levels of protein secretion. Unlike the type I rough isolates described by Lenz and Portnoy (28) , no mutations were identified in the secA2 gene, which is involved in extracellular protein localization. Instead, measurement of the expression of FLAG-tagged SecA2 indirectly demonstrated increased expression of SecA2 in the rough isolates SR and LR compared with the parental wild type. While the wild-type and RS morphotypes appear indistinguishable, they showed two measurable differences. RS recovered a significantly lower level of coordinated motility and retained much higher levels of SecA2 expression than the wild type. Thus, RS and the wild type are unlikely to be genetically identical, and the pathway required to revert to the wild-type phenotype is not yet known. The cycling between morphotypes is schematically illustrated in Fig. 8 , showing the relative stability of the wild-type and LR morphotypes in broth and biofilm, respectively.
This report provides the first experimental evidence of the enhanced biofilm-forming abilities of naturally occurring clonal L. monocytogenes isolates in a continuous-flow bioreactor. Comparisons of biofilm formation by L. monocytogenes strains have produced conflicting views on the relationships between division or serotype (46) and biofilm formation (2, 11, 24, 29, 36) . Dickson and Siragusa (10) demonstrated the increased hydrophobicity of a rough isolate in comparison with nonisogenetic smooth isolates. Thus, changes in cell wall protein composition may affect attachment by modifying the net negative charge present on the cell surface. Vatanyoopaisarn et al. (45) showed the importance of flagella in the initial stages of surface attachment by L. monocytogenes. Peptidoglycan hydrolase production in the closely related lactococci was found to have a critical role in enhancement of surface colonization by exposing proteins, polysaccharides, and or lipoteichoic acids (35) . These data appear at odds with the enhanced biofilm formation ability of the KM'92 rough isolates with impaired motility and mislocalized peptidoglycan hydrolase activity. L. monocytogenes biofilm formation has usually been analyzed with microplate assay methods, which allow high-throughput analysis of batch cultures. Biofilm formation is, however, a complex process involving multifactorial interactions; properties that are important in batch culture biofilm formation may be less important in the bioreactor, and vice versa. For example, batch culture biofilm systems are unlikely to identify multigenerational traits because nutrient limitation occurs before positive selection pressures amplify the most successful surface-adherent cells.
Shear forces have also been shown to affect the extent and strength of bacterial attachment (18) . These forces occur in the bioreactor under continuous culture conditions but will be less prominent in static microtiter plate cultures. Therefore, attached cells capable of forming chains can be expected to have greater advantage under such bioreactor culture conditions. Thus, biofilm formation in static culture and the bioreactor continuous-culture system are unlikely to be comparable processes. Furthermore, biofilm formation in the bioreactor is more likely to mimic the conditions found in food processing facilities and in some important biological contexts such as the gall bladder.
In gram-positive bacteria, more than one SecA secretion system has evolved. Core components of the essential SecA pathway are found in single copy (except for SecA2) in the genomes of L. monocytogenes strains EGD-e and 4b (tblastn searches of the Pasteur and TIGR web sites with SecY, -E, -G, -D, and -F of EGD-e), whereas several gram-positive bacteria containing a second secA gene also have a second secY (tblastn searches found two copies of secY in Bacillus anthracis, Staphylococcus epidermidis, and Staphylococcus aureus) (33) . In Streptococcus gordonii, a second secY is required for secretion of the glycosylated platelet binding protein GspB (1 (1, 4, 28) . Analysis of the secretome from an L. monocytogenes secA2 deletion mutant revealed impaired localization of 19 of 49 surface-extractable and 7 of 25 secreted proteins (27) , including a second peptidoglycan hydrolase (NamA) with a molecular mass of 66 kDa. The similarity of our data for the rough isolates with the renaturing SDS-PAGE profiles of Lenz et al. (27) obtained with a ⌬secA2 strain suggested that the SecA2 secretion pathway is involved in the morphotypic conversion of biofilm-conditioned rough isolates.
The incorrect localization of multiple peptidoglycan hydrolases and the elevated levels of SecA2 protein expression suggest that secA2 mRNA and/or SecA2 protein is misregulated in rough isolates. Furthermore, mutations in other genes can suppress the rough morphotype without altering SecA2 expression. Although the exact role of the SecA2 secretion pathway in the interconversion between the rough and smooth morphotypes has yet to be determined, compensatory changes in functional interactions between SecA2 and other components of the Sec secretory pathway are prime candidates for investigation. In-depth analysis with transposon mutagenesis, transcriptome profiling, and mapping of SecA2's protein partners should help unravel the role of the SecA2 secretion pathway in the environment-dependent interconversion between the parasitic smooth and biofilm-adapted saprophytic rough morphologies displayed by this opportunistic pathogen.
The rough morphotype may have a biological role in the colonization of gastrointestinal tissues such as the gall bladder. L. monocytogenes has been shown to colonize the murine gall bladder through a delayed mechanism, with the majority of cells contained within this organ observed microscopically as forming chains (20) . Gall bladder colonization by the opportunistic intracellular pathogen Salmonella enterica has been associated with biofilm formation (42) . We also suggest that rough isolates might specifically colonize the gall bladder by entering a low-immunogenicity, quiescent state. CwhA is a highly immunogenic protein, with processed CwhA peptides able to stimulate a protective immune response (13, 21) . Decreased secretion of CwhA and other peptidoglycan hydrolases by rough isolates may help these morphotypic variants evade detection during gastrointestinal passage and facilitate colonization of the gall bladder via enhanced biofilm formation. With the availability of an isogenic set of morphotypes, these ideas about the consequences of phenotypic variation can now be tested in animal models.
This research has important implications for industry. Contamination of minimally processed foods by L. monocytogenes can be a significant health problem and is of major economic importance (30, 37, 44) . Because rough isolates have enhanced biofilm-forming abilities, the subsequent risk of product contamination is increased. This risk could be exacerbated by the possibility of gross, sporadic product contamination with streamers of rough L. monocytogenes isolates. The potential for reversion from the rough "avirulent" morphotype to the smooth "virulent" form under certain conditions compounds the contamination problem and warrants identification of the factors that determine the reversion. A similar reversion was reported to occur with rough cells passaged through the gastrointestinal tract of mice (48) . If a parallel can be drawn with the ingestion of grossly contaminated ready-to-eat food products, the adaptive advantage conferred by selective interconversion between rough and smooth morphotypes within the multiple environments during L. monocytogenes infection could be an important risk factor for listeriosis.
